Reaction kinetic behaviour and cycling stability of the 2LiBH 4 -MgH 2 reactive hydride composite (Li-RHC) are experimentally determined and analysed as a basis for the design and development of hydrogen storage tanks. In addition to the determination and discussion about the properties; different measurement methods are applied and compared. The activation energies for both hydrogenation and dehydrogenation are determined by the Kissinger method and via the fitting of solid-state reaction kinetic models to isothermal volumetric measurements. Furthermore, the hydrogen absorption-desorption cycling stability is assessed by titration measurements. Finally, the kinetic behaviour and the reversible hydrogen storage capacity of the Li-RHC are discussed.
Introduction
Hydrogen technologies, including the hydrogen generation from renewable energy sources, its storage by physical or chemical means, as well as the reconversion to energy using fuel cells, have been considered for a long time as a possible energy scenario for the future. On the one hand, the hydrogen storage is particularly interesting, because hydrogen offers a high gravimetric energy density value (33.33 kWh·k −1 ) already at ambient pressure and temperature [1] . On the other hand, this diatomic gas displays also a very low density (0.08988 kg·m −3 ), which results in a less appealing value for the volumetric energy density (2.99 kWh·m −3 ) [2] . Thus, it is important to improve the value of the volumetric energy density without significantly reducing the gravimetric density. This is needed to be competitive with other widely-used energy vectors, such as compressed natural gas (~13.9 kWh·kg −1 /~2700 kWh·m −3 ) and gasoline (~12.2 kWh·kg −1 /~8700 kWh·m −3 ), or even other energy storage systems, like lithium-ion batteries (~0.2 kWh·kg −1 /~500 kWh·m −3 ) [3] . The storage method itself can improve this value drastically. By means of physical storage, hydrogen is either compressed up to 700 bar, or liquefied at −253 • C. These storage techniques, and in particular, the vessel structures and the gas processing, are relatively complex and energy demanding. Hence, both techniques are not the most suitable from an economic perspective [4] . Complex and intermetallic hydrides offer the possibility to increase the volumetric density of hydrogen considerably, for instance, LiBH 4 possesses a volumetric density of 121 kg H 2 m −3 [5] and Mg 2 FeH 6 has the highest known volumetric density of 150 kg H 2 m −3 [6] . In such metal hydrides, the chemical bonds with the metal atoms/ions allow interatomic distances, which are much shorter than in the molecular state of hydrogen, where repulsive forces are present. Metal hydrides, such as magnesium hydride (MgH 2 ), have been studied for hydrogen storage over several decades [7] . However, their practical applications, especially the mobile ones, are precluded either by their high thermodynamic stability or by slow reaction kinetic behaviour inter alia, due to high activation energies. These activation energies are controlled, among other influences, by different rate-limiting steps, such as the molecular dissociation of the diatomic hydrogen on the material surface, low diffusion rates of the reactants and/or insufficient nucleation [8] [9] [10] [11] . Considerable advancements have been achieved with the use of additives and catalysts (e.g., [12, 13] ), and the application of appropriate processing techniques, such as mechanical milling (e.g., [14, 15] ).
Due to some of the properties of MgH 2 , such as a gravimetric hydrogen storage capacity of 7.6 wt % and material cost, this hydride is considered as one of the most promising materials for solid-state hydrogen storage. Nevertheless, its high thermodynamic stability (73 ± 2 kJ mol −1 H 2 [16, 17] ) limits the practical use of the Mg/MgH 2 system [18, 19] . One of the approaches, used to reduce the stability of hydrides, is through the combination of a binary hydride-such as MgH 2 -with light-metal complex hydrides, as for example, LiBH 4 . This approach, known as "reactive hydride composites" (RHC) [20, 21] , lowers the overall reaction enthalpy, owing to the exothermal formation of a compound upon endothermal dehydrogenation. Lithium borohydride (LiBH 4 ) is, hereby, a complex hydride of special interest, as it is among the materials with the highest theoretical gravimetric hydrogen storage density (18.5 wt % [22, 23] ). The combination of LiBH 4 with MgH 2 in a RHC (hereafter labelled Li-RHC) reduces the theoretical thermodynamic stability to 46 kJ mol −1 H 2 , according to Equation (1) [2] : 2 LiBH 4 + MgH 2 2 LiH + MgB 2 + 4 H 2 (1) Apart from the abovementioned reduced thermodynamic stability, the Li-RHC presents several other advantages, among which the high theoretical gravimetric hydrogen storage capacity of 11.54 wt % and the considerable potential for further cost reduction in a hydrogen storage system [4] . This is the second study in a two-part investigation based on a more comprehensive analysis on the technical and economic evaluation of the system [24] . In the first study, the thermodynamic and heat transfer properties have been described [16] , while in this study, the kinetic properties are analysed. Based on these properties, further advances in the optimisation via numerical simulation can be performed, to contribute towards the design of novel hydrogen storage systems based on the RHC concept.
Experimental Details

Sample Preparation
The elements in the desorbed state of the RHC (i.e., the right side of Equation (1)) were chosen as starting components in a molar ratio of 2LiH:1MgB 2 , adding 0.05 mol of titanium trichloride (TiCl 3 ) to enhance the kinetic behaviour. Lithium hydride powder (LiH, ≥99.4% purity) and magnesium boride powder (MgB 2 ,~99.4% purity) were purchased from Alfa Aesar (Tewksbury, MA, USA), TiCl 3 powder Energies 2018, 11, 1170 3 of 15 (≥99.995% purity) from Sigma Aldrich (St. Louis, MO, USA). The materials were mixed and processed in a planetary ball mill (Pulverisette 5, Fritsch, Idar-Oberstein, Germany) at 230 rpm, with a ball to powder ratio of 10:1 for 20 h. After the milling operations, the composite was compacted with a load of 0.1 ton in a die with 5 mm diameter, resulting in a compaction pressure of 50 MPa, by using a uniaxial hydraulic press (Specac, Manual Hydraulic Press, Orpington, UK) [25] . All handling of the samples was carried out under inert gas atmosphere within a glove box filled with continuously purified Argon (~10 ppm of O 2 and H 2 O).
Experimental Methods
Differential Scanning Calorimetry
A Sensys high-pressure differential scanning calorimeter (HP-DSC-Setaram, Caluire, Lyon, France) was used for the activation energy determination. The measurements were performed with H 2 pressures of 30 bar and 50 bar for absorption, and 3 bar for desorption by heating about 40 mg of sample at different heating rates of 0.5, 2, 5, and 10 • C·min −1 . Before performing the measurements with the HP-DSC, the samples used to determine the activation energy underwent an activation process in the manometric instrument described in the following. The conditions for this single activation step were 350 • C and 50 bar for absorption, and 400 • C and 3 bar of H 2 for desorption.
Kinetic Studies
The hydrogenation rates and gravimetric capacities were assessed using a Sieverts apparatus (HERA Hydrogen Storage Systems, Longueil, QC, Canada) based on the differential pressure technique, and also, with another manometric apparatus (PCTPro 2000, Setaram, Caluire, Lyon, France) based on the absolute pressure technique. The hydrogen gas used in the experiments had a purity of 99.999% (5.0 H 2 ). The temperature and pressure conditions are provided for each experiment in the text. The mass of sample for all the measurements was approximately 150 mg. Additionally, a sample with a larger amount of material (500 mg) was evaluated.
Crystalline Phase Detection: X-ray Diffraction (XRD)
XRD analyses of the material after milling and hydrogenation/dehydrogenation cycling were performed using a Siemens D5000 X-ray diffractometer (Siemens, Munich, Germany) with Cu Kα radiation (λ XRD = 1.5406Ǻ) and in Bragg-Brentano geometry. In order to prevent the oxidation and hydrolysis of the sample, a plastic airtight X-ray transparent sample holder under Ar atmosphere was used.
Phase Equilibrium Compositions: Thermodynamic Calculations
To determine the nature of the Ti containing phases, thermodynamic calculations have been carried out using the HSC Chemistry software 9.4.1 [26] . The calculations have been performed based on the reactivity of the 2LiH+MgB 2 with TiCl 3 under different temperature and pressure conditions. The most favourable reactions have been identified through a combination of Gibbs minimization equilibrium with selected solid and gas species. The obtained results represent ideal phase equilibrium compositions useful to predict possible reaction mechanisms between the Li-RHC matrix and the additive involving solid products and gaseous species such as B 2 H 6 , B x H y (x= 5 to 12, y = 5 to 14) and chlorine species. For all the calculations, the solid orthorhombic LiBH 4 (Pnma) is taken into account. Li 2 B 12 H 12 was not considered owing to the lack of available physicochemical data. 
Results
Kinetic Properties
Activation Energy
The activation energy value has been calculated applying two different experimental methods. First, the activation energy has been measured via the Kissinger method [27] , using the HP-DSC device. The activation energy E a is calculated according to the equation [27] :
where β represents the heating rate for the curve and T max is the temperature at which the calorimetric peak is centred. The activation energy value can be calculated as the slope of the linear fit for the data acquired, plotting ln(β/T 2 max ) against 1000/T, as suggested by Equation (2) . In Figure 1a , the heat flow signal for the measurement under 50 bar of H 2 is plotted against temperature. In Figure 1b , the corresponding Kissinger plot is shown. The equivalent Kissinger plot for the measurement under 30 bar of hydrogen is also illustrated in Figure 1b . Taking into account the slopes displayed in Figure 1b 
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The activation energy values can be calculated applying a different technique and then compared with the previously obtained results. This second method consists in finding the reaction rate constant for several sorption measurements acquired by manometric analyses at different temperatures ( Figure 3a ). Both these methods are described in greater detail in a work by Varin et al. [3] . The reaction rate constant (labelled k) is a function of temperature, and expresses the evolution of the transformed fraction over time, being multiplied by the reaction model function [32] :
The reaction model function f(α) is a function of the transformed fraction α, which is defined as fraction of hydrogen absorbed. In conditions of constant pressure p, the dependence of the rate constant k from temperature is described by means of the Arrhenius equation:
where Ea is, again, the activation energy and A represents the pre-exponential factor. As a first step, it is necessary to identify the model f(α) that best represents the intrinsic reaction mechanism for Equation 3. Then, the rate constant k can be calculated by expressing Equation (3) as the integral of dα after f(α), i.e., the integral reaction model g(α):
The value of the rate constant can be obtained from the slope of the best model linear fitting, plotting the integral reaction model against time [32] . In this study, the fitting has been performed in a transformed fraction range between 0.10 and 0.95. Moreover, the calculation has been performed only for the absorption process at 30 bar of H2 (Figure 3a ). Taking into account g(α), the best fit was obtained with the Johnson-Mehl-Avrami model with one-dimensional interface-controlled reaction (JMA, n = 1), in agreement with reported works [24, 29, 33] . After the determination of the rate constants for several temperatures, the activation energy value can be calculated from the slope in the graph of ln(k) against 1000/T, as shown in Figure 3b . The calculated values for the activation energies result in 350 ± 20 kJ mol −1 H 2 and 238 ± 4 kJ mol −1 H 2 for the dehydrogenation process of MgH 2 and LiBH 4 , respectively. The two calorimetric events, represented by peaks I and II in Figure 2a , and observed in the combined measurement in the previous study as well [16] , are phase transformation steps, and have been already described in detail by other authors [28, 30, 31] .
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where E a is, again, the activation energy and A represents the pre-exponential factor. As a first step, it is necessary to identify the model f (α) that best represents the intrinsic reaction mechanism for Equation (3) . Then, the rate constant k can be calculated by expressing Equation (3) as the integral of dα after f (α), i.e., the integral reaction model g(α):
The value of the rate constant can be obtained from the slope of the best model linear fitting, plotting the integral reaction model against time [32] . In this study, the fitting has been performed in a transformed fraction range between 0.10 and 0.95. Moreover, the calculation has been performed only for the absorption process at 30 bar of H 2 ( Figure 3a) . Taking into account g(α), the best fit was obtained with the Johnson-Mehl-Avrami model with one-dimensional interface-controlled reaction (JMA, n = 1), in agreement with reported works [24, 29, 33] . After the determination of the rate constants for several temperatures, the activation energy value can be calculated from the slope in the graph of ln(k) against 1000/T, as shown in Figure 3b . In agreement with Equation (4), the slope of the segment fitting the data linearly corresponds to the activation energy value divided by the ideal gas constant R. Thus, following this method for the case of 30 bar of H2 pressure, the value of the activation energy is 130 ± 20 kJ mol −1 H2. This value and the one obtained applying the Kissinger method present a difference, which is discussed in further detail in Section 4.1.
Cycling Behaviour
The reversible hydrogen capacity and its corresponding kinetic behaviour, both for the hydrogenation and dehydrogenation processes, are analysed in this section. In Figure 4a , the reversible hydrogen capacity (obtained from desorption data) is displayed as a function of 20 cycles for 150 mg of compacted and uncompacted material. Additionally, the hydrogen capacity for a 500 mg sample is shown and compared. In Figure 4b , its kinetic behaviour is described by plotting the time required to complete 80% of the reaction upon cycling; in these experiments, the absorption has been performed under 50 bar H2 at 350 °C , and the desorption under 2 bar H2 at 400 °C. In agreement with Equation (4), the slope of the segment fitting the data linearly corresponds to the activation energy value divided by the ideal gas constant R. Thus, following this method for the case of 30 bar of H 2 pressure, the value of the activation energy is 130 ± 20 kJ mol −1 H 2 . This value and the one obtained applying the Kissinger method present a difference, which is discussed in further detail in Section 4.1.
The reversible hydrogen capacity and its corresponding kinetic behaviour, both for the hydrogenation and dehydrogenation processes, are analysed in this section. In Figure 4a , the reversible hydrogen capacity (obtained from desorption data) is displayed as a function of 20 cycles for 150 mg of compacted and uncompacted material. Additionally, the hydrogen capacity for a 500 mg sample is shown and compared. In Figure 4b , its kinetic behaviour is described by plotting the time required to complete 80% of the reaction upon cycling; in these experiments, the absorption has been performed under 50 bar H 2 at 350 • C, and the desorption under 2 bar H 2 at 400 • C.
Not including the first three cycles of the pelletised sample, one can observe how the values are, on average, decreasing with a linear trend. In comparison with the 150 mg loose powder sample, this trend is lower for the compacted sample by a factor of about 2.5, and even by a factor close to 8.5 with the 500 mg pellet. The variation from the average value is almost comparable in all the three different samples considered. It is important to mention that the observed capacity oscillations during cycling are related to the experimental error of the volumetric technique. The reason behind the marked capacity increase for the first three cycles of the compacted sample has been already discussed in a previous publication [25] . It is assumed that the lower absorption in the first tests and the improving performance with cycling can be ascribed to two different reasons. First, as the hydrogen content increases, the necessary expansion of the material is hindered, to a certain extent, by the compaction of the material itself. Second, hydrogen can hardly access the core of the compact pellet due to a dense shell of hydride phase, which is formed on the outer part of the pellet.
hydrogenation and dehydrogenation processes, are analysed in this section. In Figure 4a , the reversible hydrogen capacity (obtained from desorption data) is displayed as a function of 20 cycles for 150 mg of compacted and uncompacted material. Additionally, the hydrogen capacity for a 500 mg sample is shown and compared. In Figure 4b , its kinetic behaviour is described by plotting the time required to complete 80% of the reaction upon cycling; in these experiments, the absorption has been performed under 50 bar H2 at 350 °C , and the desorption under 2 bar H2 at 400 °C. Not including the first three cycles of the pelletised sample, one can observe how the values are, on average, decreasing with a linear trend. In comparison with the 150 mg loose powder sample, this trend is lower for the compacted sample by a factor of about 2.5, and even by a factor close to 8.5 with According to the values of the hydrogen quantities over cycling, displayed in Figure 4a , the sample in compacted form is the one with the highest capacity, with an average value of 9.2 wt %, followed by the uncompacted 500 mg samples with a value of 8.8 wt %, and then from 150 mg with a value of 8.3 wt %. A clear and fast degradation of the performance can be observed only for the 150 mg loose powder sample. It is noticeable that the hydrogen quantity of 13.04 wt %, calculated from the desorbed state (Equation (1)), is not reached; the reason for this will be discussed later in Section 4.2.
In Figure 4b , the changes in the kinetic behaviour of the same 500 mg samples shown in Figure 4a have been examined over cycling. The time needed to reach 80% of the transformed fraction in relation to the cycle number is displayed for both the absorption and desorption processes. The first absorption has been already described, being sluggish in many other works, and has been attributed to a sort of stabilisation process (e.g., [34, 35] ). After some repetitions, the kinetics for absorption reaches approximately the same value as for desorption. The kinetic behaviour for the hydrogen desorption is nearly constant over cycling (Figure 4b ).
Discussion
Kinetic Behaviour
As reported previously in Section 3.1.1., the activation energy values have been estimated with the DSC technique for desorption at 3 bar (350 ± 20 kJ mol −1 H 2 and 238 ± 4 kJ mol −1 H 2 for the dehydrogenation of MgH 2 and LiBH 4 , respectively) and absorption at 30 bar (160 ± 20 kJ mol −1 H 2 ) and 50 bar of H 2 (104 ± 2 kJ mol −1 H 2 ). The value for absorption under 30 bar H 2 is also calculated by means of the rate constant determination technique (130 ± 20 kJ mol −1 H 2 ) for comparison. Despite the fact that the error band of the two different methods at 30 bar is quite large, and consequently, the values are overlapping to a certain extent, the determination by rate constant can be further improved. The values calculated at different hydrogen pressures suggest that the pressure influences the activation energy. Under higher H 2 pressure, the absorption activation energy is remarkably lowered. The Arrhenius equation does not reflect this connection. Even though the experiments to determine the rate constants have been executed under constant set pressure, the equilibrium pressure varies, owing to its correlation with the temperature; thus, the driving force also changes at different temperatures. According to the work of Rudman [36] , the equation previously applied for the rate constant (Equation (4)) needs to be extended with a term considering the driving force f (p,p eq ):
This added term reflects the correlation between the set pressure p and the equivalent equilibrium pressure p eq at the desired temperature T. The equilibrium pressure is determined by the van't Hoff equation [3] , and thus, the driving force term becomes also a function of the temperature. For this driving force term, several functions have been suggested. The one that best describes the pressure dependence is shown in Equation (7):
The logarithm of the ratio between the pressure p and the equilibrium pressure p eq represents the free energy change in the sorption process [37] . This is one the most commonly used pressure dependencies in the literature (e.g., [37, 38] ). It assumes that the rate-limiting step is associated with chemical reaction in the interface. This is in agreement with the fitted JMA model with n = 1 (Figure 3) , indicating a one-dimensional interface-controlled mechanism during hydrogenation. For the equilibrium pressure, the values of enthalpy and entropy obtained experimentally by Vajo et al. [21] have been inserted in the calculations. Applying the approach described in the paragraph above, the activation energy value thus calculated increases to 160 ± 20 kJ mol −1 H 2 , and the goodness of fit reaches 0.964; this is a significant improvement if compared with the calculation performed without the driving force term ( Figure 5 ). The logarithm of the ratio between the pressure p and the equilibrium pressure peq represents the free energy change in the sorption process [37] . This is one the most commonly used pressure dependencies in the literature (e.g., [37, 38] ). It assumes that the rate-limiting step is associated with chemical reaction in the interface. This is in agreement with the fitted JMA model with n = 1 (Figure 3) , indicating a one-dimensional interface-controlled mechanism during hydrogenation. For the equilibrium pressure, the values of enthalpy and entropy obtained experimentally by Vajo et al. [21] have been inserted in the calculations. Applying the approach described in the paragraph above, the activation energy value thus calculated increases to 160 ± 20 kJ mol −1 H2, and the goodness of fit reaches 0.964; this is a significant improvement if compared with the calculation performed without the driving force term ( Figure 5 ). This value is in perfect agreement with the one obtained applying the DSC method (160 ± 20 kJ mol −1 H2). The higher pressure leads to faster kinetic behaviour, since a larger driving force speeds up the rate-limiting step. Hence, the difference between the values obtained at 30 bar and 50 bar of H2 can be easily explained.
The value for the first desorption step amounts to 350 ± 20 kJ mol −1 H2 (Figure 2b ). In literature, activation energy values for the decomposition of pure MgH2 are reported in the range of 160 to 206 kJ mol −1 H2 [10, 11, 39] . For transition metals and MgH2 doped with transition metal compounds, the activation energy values are lowered to about 60 to 120 kJ mol −1 H2 depending on the additive molar content [12, 13, [40] [41] [42] . The rate-limiting step for the decomposition of MgH2 is generally an interface-controlled movement. However, the value obtained here is higher than that for this process [8, 9] .
The value for the second desorption step amounts to 238 ± 4 kJ mol −1 H2 (Figure 2b) , and is in good agreement with the value calculated by Puszkiel et al. [33] . Based on the Prout-Tompkins autocatalytic model [43] , it has been proposed that the second step of the reaction is related to the improved nucleation and growth of the MgB2 species promoted by the initial formation of MgB2 This value is in perfect agreement with the one obtained applying the DSC method (160 ± 20 kJ mol −1 H 2 ). The higher pressure leads to faster kinetic behaviour, since a larger driving force speeds up the rate-limiting step. Hence, the difference between the values obtained at 30 bar and 50 bar of H 2 can be easily explained.
The value for the first desorption step amounts to 350 ± 20 kJ mol −1 H 2 ( Figure 2b ). In literature, activation energy values for the decomposition of pure MgH 2 are reported in the range of 160 to 206 kJ mol −1 H 2 [10, 11, 39] . For transition metals and MgH 2 doped with transition metal compounds, the activation energy values are lowered to about 60 to 120 kJ mol −1 H 2 depending on the additive molar content [12, 13, [40] [41] [42] . The rate-limiting step for the decomposition of MgH 2 is generally an interface-controlled movement. However, the value obtained here is higher than that for this process [8, 9] .
The value for the second desorption step amounts to 238 ± 4 kJ mol −1 H 2 (Figure 2b) , and is in good agreement with the value calculated by Puszkiel et al. [33] . Based on the Prout-Tompkins autocatalytic model [43] , it has been proposed that the second step of the reaction is related to the improved nucleation and growth of the MgB 2 species promoted by the initial formation of MgB 2 nuclei.
In summary, the results and analyses show that TiCl 3 is an additive much more effective in improving the absorption kinetic behaviour, rather than the desorption one (for the Li-RHC system [24] ), considering the diverse rate-limiting steps as already indicated in a previous study [16] .
Reversible Hydrogen Capacity
In the following lines, the discussion is focused on the reversible hydrogen capacity. The maximum theoretical gravimetric density of the material of 11.54 wt % has not been reached in this study after several cycles (see Section 3.1.2.). In fact, this capacity is already slightly reduced by the addition of the 0.05 mol of TiCl 3 . Figure 6 shows the XRD analyses of the material after milling and cycling. After milling, the XRD pattern exhibits reflections mainly coming from MgB 2 , LiH, and LiCl. There is just one reflection at around 2θ = 36 • that might belong to free Mg, though it is not clear. In the case of the material after cycling and in dehydrogenated state, the presence of MgB 2 , LiH, LiCl, and free Mg is noticed. It is important to point out that TiCl 3 is not detected after milling and cycling. The presence of LiCl suggests that TiCl 3 interacts with the major phases, i.e., 2LiH+MgB 2 .
In order to investigate the interactions between TiCl 3 and 2LiH+MgB 2 , phase equilibrium compositions calculations have been carried out with the software HSC chemistry [26] . In the calculations conditions are considered, such as mechanical milling (MM), first hydrogenation, and first dehydrogenation, for the 2LiH+MgB 2 +0.05TiCl 3 material. cycling. After milling, the XRD pattern exhibits reflections mainly coming from MgB2, LiH, and LiCl. There is just one reflection at around 2θ = 36° that might belong to free Mg, though it is not clear. In the case of the material after cycling and in dehydrogenated state, the presence of MgB2, LiH, LiCl, and free Mg is noticed. It is important to point out that TiCl3 is not detected after milling and cycling. The presence of LiCl suggests that TiCl3 interacts with the major phases, i.e., 2LiH+MgB2. In order to investigate the interactions between TiCl3 and 2LiH+MgB2, phase equilibrium compositions calculations have been carried out with the software HSC chemistry [26] . In the calculations conditions are considered, such as mechanical milling (MM), first hydrogenation, and first dehydrogenation, for the 2LiH+MgB2+0.05TiCl3 material. The results obtained from the phase composition equilibrium calculation can be seen in Table 1 . The equilibrium calculations predict that after milling, the formation of LiCl, TiB2, MgH2, and release of H2, are thermodynamically favored, according to reaction (8) . After the first hydrogenation and dehydrogenation, the calculations suggest that TiB2 and LiCl remain stable (Table 1) .
0.15LiH + 0.05MgB2 + 0.05TiCl3→0.15LiCl + 0.05TiB2 + 0.05MgH2 + 0.025H2→ΔG 0 = − 25.7 kJ (8) The addition of transition metal halides to the Li-RHC has already been described as responsible for the formation of nanosized transition metal borides and LiX (X = halide) as byproducts [29, 35] . In the literature, the formation of volatile Ti(BH4)3 from the interaction between LiBH4 and Ti halides has been also proposed [44, 45] . However, it has been already reported that the presence of H2 overpressure suppresses the further formation of volatile species [46] [47] [48] . Moreover, Kang et al. and Karimi et al. have found that the interaction between titanium fluorides (TiF3 and TiF4) and Li-RHC promotes the formation of nanosized TiB2 during milling [49, 50] . Moreover, the release of H2 during the processing in the planetary mill has already been verified for several other complex The results obtained from the phase composition equilibrium calculation can be seen in Table 1 . The equilibrium calculations predict that after milling, the formation of LiCl, TiB 2 , MgH 2 , and release of H 2 , are thermodynamically favored, according to reaction (8) . After the first hydrogenation and dehydrogenation, the calculations suggest that TiB 2 and LiCl remain stable ( The addition of transition metal halides to the Li-RHC has already been described as responsible for the formation of nanosized transition metal borides and LiX (X = halide) as byproducts [29, 35] . In the literature, the formation of volatile Ti(BH 4 ) 3 from the interaction between LiBH 4 and Ti halides has been also proposed [44, 45] . However, it has been already reported that the presence of H 2 overpressure suppresses the further formation of volatile species [46] [47] [48] . Moreover, Kang et al. and Karimi et al. have found that the interaction between titanium fluorides (TiF 3 and TiF 4 ) and Li-RHC promotes the formation of nanosized TiB 2 during milling [49, 50] . Moreover, the release of H 2 during the processing in the planetary mill has already been verified for several other complex hydrides [50, 51] . Therefore, the thermodynamic equilibrium calculations and reported works suggest that during the milling process, and subsequent hydrogen interaction, the formation of highly dispersed nanosized TiB 2 occurs. The short-range order TiB 2 cannot be detected by XRD analyses, in agreement with Figure 6 . These nanosized boride species act as nucleation sites for MgB 2 upon desorption, accelerating its growth and leading to a further crystallite refinement [29, 35] . Based on reaction (8) , it is possible to attribute the observed loss of capacity to the formation of TiB 2 and LiCl, according to reaction (9 
For the material in dehydrogenated state, the calculations indicate that the reaction evolves toward the formation of MgB 2 , LiH, and small amounts of free Mg, along with the stable TiB 2 and LiCl phases. This is in agreement with the XRD pattern after cycling, shown in Figure 6 . Therefore, it is possible to propose the following reaction (10) for the hydrogenation and dehydrogenation of the material upon cycling:
1.70LiH + 0.85MgB 2 + 0.05Mg + 3.45H 2 1.70LiBH 4 + 0.90MgH 2 (10) Considering the quantity of hydrogen in reaction (10) , and the masses of the solid species in the right side of reaction 9 (so, excluding the released hydrogen), a quantity of about 10 wt % can be absorbed and desorbed, theoretically. The maximum reversible capacity reached in this paper, shown in Figure 4a , is 9.4 wt % at the third cycle for the compacted 150 mg sample. The initial experimental hydrogen capacity (9.4 wt %) is in the range of the calculated value (10 wt %), considering the experimental error band. Hence, the initial loss of hydrogen capacity in comparison with the theoretical one (13.04 wt %, calculated from the desorbed state) is due to the formation of stable species, such as TiB 2 and LiCl, during the milling process. Moreover, it is possible to observe that the hydrogen capacity is additionally reduced upon cycling, and an average linear fitting denotes a decreasing trend (Figure 4 ). This decreasing trend in the hydrogen capacity is more noticeable for a small amount of uncompacted material, and less prominent for a higher amount of material (500 mg) or for the same amount of compacted material. The reason behind this declining trend in the hydrogen capacity during cycling can be attributed to the sluggish kinetic behaviour and lack of contact; the latter is likely to be caused by phase separation. The compaction and the mechanical restricted mobility and closeness of the reactants can partially avoid the long-range phase separation [25] . Additionally, larger bed sizes might partially avoid the long-range phase separation. Due to higher temperatures during the reaction, caused by the accumulation of heat, a greater mobility of the reactants inside the bed can develop. Furthermore, for the same reason, higher rates of reaction are possible. However, these higher temperatures can also have a detrimental effect, and lead to slower reaction rates, due to a driving force reduction approaching the equilibrium pressure. Thus, thermal properties, as reported and discussed in the previous publication [16] , become highly relevant for larger bed sizes. Another way to avoid long-range phase separation has been shown in the literature by the implementation of graphene-wrapped nanostructures [52] [53] [54] .
For the kinetic behaviour occurring upon cycling, a clear effect can be observed only on the absorption reaction, and not for desorption. The improvement with a higher number of cycles can be motivated by the enhanced diffusion of hydrogen into the material at high pressure, owing to cracks and pores that might have been forming while absorbing. These defects have been noted on materials that have been compacted before [25] . Of course, this applies, in particular, for the part of the reacting material that remains solid during the sorption reaction (LiH, MgB 2 , and MgH 2 ).
Conclusions
The activation energy values during absorption have been determined as 104 ± 2 kJ mol −1 H 2 at 50 bar of H 2 , and 160 ± 20 kJ mol −1 H 2 at 30 bar, applying the Kissinger method to several HP-DSC measurements. The second value at 30 bar H 2 is in good agreement with 160 ± 20 kJ mol −1 H 2 , as calculated by the rate constant, taking into account the effect of the driving force. For the desorption, occurring in two steps, the activation energy values obtained from the measurements with HP-DSC are 350 ± 20 kJ mol −1 H 2 and 238 ± 4 kJ mol −1 H 2 , for the dehydrogenation of MgH 2 and LiBH 4 , respectively. The results and analyses show that the addition of TiCl 3 has an improvement effect on the absorption kinetic behaviour of the Li-RHC system, but does not affect desorption. Again, this proves that separate rate-limiting steps affect the absorption and the desorption reactions, as has already been discussed in the previous study based on thermodynamic properties [16] .
Phase equilibrium calculations and experimental evidence suggest that the interaction between the major phases of the material (2LiH+MgB2) and the additive (TiCl 3 ) during milling leads to the formation of TiB 2 and LiCl. This species remains stable upon cycling. The presence of such a stable species results in a theoretical maximum hydrogen capacity of 10 wt %. As a transition metal boride, TiB 2 enhances the kinetic behaviour of the Li-RHC, acting as a nucleation agent for the fast formation of MgB 2 . The mean experimental hydrogen capacity obtained upon 20 hydrogenation /dehydrogenation cycles in these experiments is, at maximum, 9.2 wt % for a pelletised sample. This value stays nearly constant for over 20 absorption/desorption cycles with a slightly decreasing trend (−0.007 wt % per cycle). For loose powder material, the mean capacity is lower (8.3 wt %), and the decreasing trend is more notable (−0.019 wt % per cycle). The reasons behind the further hydrogen capacity reduction, mainly for the loose powder upon cycling in comparison with the calculated maximum of 10 wt %, taking into account the formation of stable species during milling, were discussed. This fact can be ascribed to slower kinetic behaviour and/or lack of contact between the reactants, probably due to phase separation. Local constraining of the reactants by means of compaction suppresses, at least partially, long-range phase separation.
The results of both studies of the thermodynamic, heat transfer, and kinetic properties will be implemented in future finite elements method (FEM) simulations that will give important insights about the temperature distribution and loading/unloading times for a scaled-up system. This provides the basis for methodical optimization of hydrogen storage systems based on metal hydrides in larger scale. 
